Abstract-The visualization technique is an effective tool to extract useful information from the geological data. In this paper, we proposed an efficient visualization framework that can render large-scale geological truncated mesh in real-time. The geological models of different resolutions were generated by cell merging, and the rendering resolution was dynamically selected according to the viewpoint position. The experiments confirm the ability to handle massive geological data of our method, and the coarse resolution rendering only causes little detail loss for the visual image.
INTRODUCTION
The analysis of the geological data is essential for the research and development of the crustal movement, the origin of life, the change of continents, the earthquake prediction and the mineral mining. Although the visualization technique is an important tool to extract the necessary information in geological models and many studies have been conducted on the visualization of the large-scale terrain data, it remains a difficult issue for the real-time rendering of massive geological data.
In order to efficiently exhibit the information of the largescale data, the Level of detail (LOD) techniques are widely used in real-time rendering [1] . Lindstorm et al. proposed a continuous view-based level of detail model (CLOD), and their algorithm first divides the terrain file into several block files. These data blocks are organized and managed through quadtree and the model is simplified based on the screen error [2] . For the 3D spatial data, Li et al. proposed the multi-resolution data structure based on octree to organize the time series geospatial data [3] .
In the field of massive data rendering, Lindstorm and Pascucci [4] [5] proposed out-of-core 3D terrain visualization framework while the method on GPU accelerating for largescale terrain rendering was presented by Zhu et al. [6] . The entire terrain data is evenly divided into small pages, and realtime dispatching of large-scale terrain data is achieved through viewpoint-based preloading method. A page buffer pool management technique is devised to divide each page into subblocks for batch rendering. The cracking process between subblocks at different levels is carried out in the preprocessing stage. Asirvatham and Hoppe [7] apply the main idea of geometry Clipmap algorithm to the simplification strategy. The simplification algorithms are aimed to simplify the triangular meshes. Typically, the real-time optimally adapting meshes algorithm (ROAM) [8] are used to achieve real-time simplification with binary tree. It is a top-down strategy that simplifies mesh by merging triangular queues and refines by splitting triangular queues. Hoppe [9] proposed a Viewdependent refinement of progressive meshes algorithm (VDPM) which simplifies the original mesh to a simple mesh by using the edge-folding operation, and generates several continuous LOD models.
Geological data has the characteristics of huge capacity and spatial diversity. These features make it different from terrain data. Unlike terrain data, most of which are surface grids, the geological data is represented by volume grid. Therefore, the multi-resolution simplified model of the volume grid is demanded.
This paper presents an efficient framework for the real-time rendering of massive geological data. According to the characteristics of geological data, we adopt the geological model of truncated grid and propose an algorithm to simplify the polyhedron grid. In the preprocessing stage, the data is divided into blocks, and the quadtree multi-resolution simplified model files are generated. At the same time, the sight distances of the simplified models at all levels are automatically calculated. In the rendering stage, we use the memory page loading of OpenSceneGraph (OSG) to render in real-time according to the viewpoint in order to display the panoramic view with the coarsening models and render in details with the fine models.
II. REAL-TIME RENDERING OF MASSIVE GEOLOGICAL DATA

A. Geological Data Model
Because of the spatial features of geological data, the DEM (Digital Elevation Model), which is commonly used to represent topographic data, is not suitable to geological data. In this paper, we intend to use the truncated grid to organize geological data based on its features.
As shown in Figure 1 , the truncated grid is composed of grid cells that are generated by the vertically cutting of the subdivision layers. The stored information of truncated grid can divide into the following parts: (1) The geometry part is used to store the geometric data files, including the information such as vertices, faces and cells. Each face in the truncated grid contains the indexes of its vertices and each cell stores the index of its faces; (2) The cell part is used to store attribute files related to the grid cell; (3) The face section is used to store attribute files related to the grid face; (4) The framework part is used to store the information of model framework, such as various geological interfaces. Every cell of the truncated grid is a polyhedron and has its index of the x, y, z axes. The cell also contains the information of its related strata and faults. According to the fault and strata, the whole geological model can uniquely identify some part of the area, which is regarded as the connected region. The aim of this paper is to rendering these truncated grids in real-time, and the main issues are to build the multi-resolution coarsening models for them. Besides, the memory management should be also considered as the multi-resolution data is too huge and difficult to completely load into memory in one time.
FIGURE I. TRUNCATED GRID OF GEOLOGICAL MODEL. (A) THE WHOLE GEOLOGICAL MODEL. (B) THE TRUNCATED GRID OF THE WHOLE GEOLOGICAL MODEL. (C) ONE GEOLOGICAL BLOCK. (D) THE TRUNCATED GRID FOR ONE GEOLOGICAL BLOCK.
FIGURE II. THE RENDERING FRAMEWORK FOR MASSIVE GEOLOGICAL DATA.
B. Design of Rendering Framework
The overview of our real-time rendering framework for massive geological data is shown in Figure. 2. At first, we construct the multi-resolution simplified models according to the characteristics of truncated grid, and then generate the multi-resolution model files. In the rendering stage, we automatically control the number of the rendering elements according to the position of the viewpoint and the view frustum and dynamically load the model files into the memory. The following content of this paper explains the key issues of our method in details.
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1) The Reading and Storage of Massive Geological Data
As to The construction of the multi-resolution model, several issues have to be considered. At first, the quantity of the original data is too huge to be loaded into memory all at once. Secondly, different geological regions can not be merged. Besides, in order to reduce the size of the generated model files, the original data and its index should also be partitioned according to the geological region. However, the truncated grid does not store grid cells in the order of spatial distribution, which makes it impossible to directly block the original files according to the file size.
To solve the above problems, we first employ an implementation of the C++ standard template library called STXXL to read and store all the geological data on the external memory [10] . The template library STXXL includes the algorithms for the external memory (out-of-core) computations and is very suitable to process huge volume data stored only on disks. Subsequently, the original geological data can be partitioned through the division of vertex set. In the meantime, the indexes of the faces and cells are also set according to the segmentation result of the vertices. In this way, we can store and process the geological data of large-scale and ensure that the multi-resolution model files will not be too large at the later stage, which can reduce memory usage and IO time in the mid of rendering.
2) The Multi-resolution Mesh Generation by Cell Merging
Most of the truncated cells are regular hexahedra and the ones near the boundary are irregular polyhedrons. For each cell, there are at most four faces with certain normals. In most cases, the geological models we discuss exhibit considerably greater horizontal scale than vertical. In order to evenly partition the data, we propose to use the quadtree, instead of octree, to organize the geological model and generate the multiresolution mesh in this section. The quadtree is constructed according to the cell indexes along the x and y axis. The original cells are distributed in the leaf nodes of the quadtree, and we design an algorithm to merge the original cells to generate the cells of coarse resolution stored in the parent nodes. In our algorithm, we merge two cells by eliminating their coincident faces. The rest of the faces of the two cells then form into a new cell by deleting the coincident points and edges. However, in the process of cell merging, two issues need to be seriously considered: a) Crack Treatment: Merging two faces of adjacent cells may affect other faces in the grids because the shared vertices and edges. The deletion of the shared vertices and edges may lead to cracks in the mesh. These cracks may also appear between adjacent nodes of the same level (Figure 3) . In order to avoid the cracks, we attempt to store the related faces of each edge and efficiently check the vertices and edges. If the vertices and edges affected by face merging are still shared by other cells, they will not be deleted. 
b) Concave Polygons:
The merging of two cells may be accompanied with faces of concave polygons generated that can not be correctly rendered. Actually, every concave polygon should consist of at least one concave vertex. In order to avoid rendering the concave primitives, the faces containing concave vertices, which is recognized as the concave polygon faces, will be represented by the polygons of the previous faces. The concave polygon faces may be vanished after the further face merging to generate the cells of coarser resolution.
3) Rendering the Cells in Differents Resolutions
The rendering of coarse resolution will result in the image of poor quality while the detailed rendering may have to handle too many cells and slow down the visualization performance. The key of LOD visualization is to choose the rendering cells of appropriate resolution according to the viewpoint position. In this section, we intend to select the rendering resolution of different levels according to the distance between viewpoint and the center of the bounding box.
As shown in Figure 4 , when rendering relatively fine data, some nodes are not displayed as the centers of the bounding box for the parent nodes and the child nodes are at different positions, and the adjacent nodes are not in the same resolution level. To fix this problem, we intend to make the original and generated cells belong to different continuous resolution levels. For a single cell, assume that the rendering resolution level which it is belong to range from R min to R max . Let L and W be the length and width of the bounding box, for one node of the quadtree, consider S (h) and r (h) that satisfy
In the formulas above, h is the height of node. As to the cells of leaf nodes, Rmin =0 to Rmax =S (0), and Rmin = S (h) -r (h) to R max =S (h) for the intermediate nodes. We set the   [8, 15] and   [2, 3] to avoid the cells that are failed to display and prevent superabundant cells in the view frustum. There will be no rendering holes as the adjacent nodes share a few of belonging rendering resolution levels. 
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III. IMPLEMENTATION AND RESULTS
We implement our algorithm to do visualization for massive geological data by employing the 3D graphics toolkit called OpenSceneGraph (OSG), and the OSG nodes known as PagedLOD are used to do dynamic scheduling for the rendering nodes stored in the external memory [11] . The experimental environment is the desktop PC with the Intel(R) Core(TM) i5-3470 CPU, 4GB memory and the NVIDIA GeForce GT 630 graphics card, and the test data contains multiple geological regions. The cell number of truncated grid for rendering is 72,360, and the number of faces is 222,980.
A. The validity of Cell Merging
The overall view of different resolution levels for truncated grid are shown in Figure 5 , and the percentages of the vertices and faces of different resolutions, compared to the original mesh in each geologic region, are shown in Figure 6 . It is shown that our method can significantly reduce the vertices and primitives after the mesh coarsening by cell merging for different rendering levels, which means the coarsening will notably improve the rendering performance. In addition, the cell merging causes little shape changing for the panorama view.
In the mid of real-time rendering, the rendering resolution is dynamically adjusted according to the viewpoint position. In Figure 7 , we render the primitives of different levels in different colors. As we can see in the figure, there will be more detailed rendering as the viewpoint approach the geological model. Figure 8 shows the frame rates when rendering in different resolutions. The frame rates are always above 25 fps, which meet the requirements for real-time rendering. 
B. The Error Measurements on Mesh Coarsening
There are two ways of error measurements to estimate the mesh coarsening result. One is to measure the appearance similarities according to the differences between the rendering images, and another is to estimate the geometry similarities for mesh of different resolutions. In our rendering framework, we evaluate the volume changes of the geological model to estimate the shape differences for the rendering primitives of different resolutions. Compared to the original truncated grid, the volume differences for the coarsening mesh of different resolutions are shown in Figure 9 . As we can see in the figure, the volume changes at most 3% compared to the original shape of the geological model when the coarsening operations are conducted less than 4 times. The also indicates our method make little change for the shape of the geological model by mesh coarsening.
IV. CONCLUSION AND FUTURE WORK
In this paper, we introduce an efficient real-time rendering framework for the massive geological data. The algorithm to simplify and merge cells is designed in the framework to generate the multi-resolution files for the geological models represented by truncated mesh, and the geological models of multi-resolution generated by our algorithm witness only a slight shape changing. The technique of paging scheduling for external memory is employed to process the geological data of large-scale, and the rendering performance is improved by automatically calculating the visual space. The experimental result shows that our method generates valid cells of multiresolution and performs well in the handling of massive geological data.
